Among the mechanisms postulated to contribute to myocardial "stunning" is a depression of contractility by oxygen-derived free radicals. It has been suggested that these radicals might depress the calcium sensitivity of the contractile proteins. We have exposed the myofilaments (in chemically "skinned" rat cardiac muscle) to the superoxide anion and measured isometric force at controlled degrees of activation. Superoxide was generated by the xanthine/xanthine oxidase system: the effects to be described were shown to be specifically attributable to superoxide. Maximum calcium-activated force is reduced, or even completely abolished, in a dose-dependent fashion and without any alteration in calcium sensitivity. The myofilaments are highly sensitive to superoxide: significant force reduction has been shown to be caused by enzyme concentrations as low as 2 microunits/ml xanthine oxidase and with exposures of less than 1 minute to the generating system (at higher enzyme concentrations). Once force has been depressed, it cannot be recovered within the duration of the experiments described. When xanthine oxidase is applied during the calcium-induced contracture, tension falls steadily. However, a similar concentration is without immediate effect on the rigor contracture (evoked by applying ATP-free solutions). To account for the depression of maximum calcium-activated force, we conclude that some aspect of crossbridge behavior is particularly vulnerable to superoxide rather than that the radical has a nonspecific "proteolytic" effect. This action on the fundamental units of force production could contribute to myocardial stunning since the effects we report are consistent with many aspects of this phenomenon. (Circulation Research 1992;70:1217-1224 KEY WORDS * free radicals * calcium sensitivity * myocardial stunning * chemically skinned muscle * force depression T here are a number of clinical situations in which the myocardium is subject to a transient episode of ischemia followed by reperfusion. Examples include percutaneous transluminal coronary angioplasty, myocardial infarction with rapid reperfusion, and cardiac surgery or transplantation with cardioplegic arrest. These situations have been associated with a form of contractile dysfunction that persists after the ischemic episode and is fully reversible. This dysfunction has been termed myocardial "stunning." Stunning has been suggested to result from a decrease in contractile protein activation because regionally stunned hearts show a contractile reserve when stimulated by positive inotropic interventions. calcium transient, decreased calcium sensitivity has been implicated in the mechanism of stunning.2
T here are a number of clinical situations in which the myocardium is subject to a transient episode of ischemia followed by reperfusion. Examples include percutaneous transluminal coronary angioplasty, myocardial infarction with rapid reperfusion, and cardiac surgery or transplantation with cardioplegic arrest. These situations have been associated with a form of contractile dysfunction that persists after the ischemic episode and is fully reversible. This dysfunction has been termed myocardial "stunning." Stunning has been suggested to result from a decrease in contractile protein activation because regionally stunned hearts show a contractile reserve when stimulated by positive inotropic interventions.1 Such a decrease in activation has been further suggested to occur by a decrease either in the calcium transient or in the calcium sensitivity of regulatory proteins. Since it has been demonstrated that in such situations there is a normal or even supranormal calcium transient, decreased calcium sensitivity has been implicated in the mechanism of stunning. 2 One factor concerned with the genesis of experimental postischemic contractile dysfunction is the generation of oxygen-derived free radicals. Myocardial production of radicals begins during coronary occlusion and increases after reperfusion, with a peak at approximately 3 minutes, and may persist for a number of hours after this initial burst. 3 We have investigated the action of one such radical, the superoxide anion (02-), in chemically "skinned" trabecular preparations isolated from the right ventricle of rat. This technique leaves the contractile structures of the myofilaments intact and exposed to the bathing medium. The controlled generation of 02-* in the bathing medium allows determination of its effect on maximum calcium-activated force (Cm,,) and the calcium sensitivity of the contractile proteins and whether it acts on crossbridges in rigor.
Materials and Methods
The rationale for solution composition, the method of calculating free ion levels and ionic strength, the choice of ion binding constants for the various ligands, precautions for EGTA purity, calcium contamination determination, the measurement of pH, and other details of our experimental protocol are described elsewhere.45 111,6-Diaminohexane-N,N,N',N'-tetraacetic acid (9.8 mM) added to this solution to maintain equivalent ionic strength.
In summary, Wistar rats (220-270 g) were killed by a blow to the head and cervical dislocation; the heart was rapidly excised and flushed with rat Ringer's solution containing (mM) NaCI 150, KCl The preparation can be activated to produce tension by increasing the free calcium concentration of the bathing medium. A cumulative response was produced by sequentially stepping calcium concentration upward over the appropriate range (solutions made by mixing solutions A and B, Table 1 , appropriately). Excess calcium can be added to aliquots of solution B to ensure that the free calcium concentration is high enough for maximal activation. This approach has been widely used in pharmacological studies but has a number of drawbacks. We occasionally find that this approach yields force-pCa curves appreciably different from those derived from making a series of single activations at a test pCa. This difference seems most likely to be due to factors such as increases in phosphate and local reduction in pH, which result when the preparation maintains substantial force for prolonged periods. Therefore, in the present study, we also used a series of single activations at test pCas. To make the activation as rapid and uniform as possible throughout the cross section of the preparation in such experiments, the "calciumjump" method was used, whereby the calcium buffer was raised at the same time as the free calcium concentration89 (i.e., into the test pCa solution from solution E, Table 1 ).
We studied the action of 02 -on the preparation during the rigor state (i.e., during the very strong interaction between actin and myosin filaments that develops in the absence of ATP even at a very low calcium concentration). In these experiments, the preparation was initially relaxed in a solution without creatine phosphate (solution C, calcium-induced contraction was evoked. The effect of each xanthine oxidase concentration was tested for six successive activations, each 10 minutes apart. Figure 1 shows results from a typical experiment. Similar results were found in eight other preparations. Figure 1A shows that control Cm.,. is findings suggest that the effects of xanthine/xanthine oxidase on Cma,, are attributable to 02-* alone.
Calcium Sensitivity By studying submaximal calcium activations in the Triton-skinned preparations, we are able to investigate the hypothesis that free radicals depress calcium sensitivity. The relation between calcium concentration and tension for chemically skinned trabecular preparations from rat (and other species) has been thoroughly characterized in this laboratory (see "Materials and Methods"). Figure 4A shows an example of the effect of 02--on C,.. Before being exposed to 02-(open circles), Cm.m is constant.
After two exposures to 02--(filled circles), Cm fell progressively to less than 20% of the initial level. Figure  4B shows the relation between tension and calcium concentration obtained from a range of submaximal calcium activations in the same preparation. Open symbols denote the control data obtained before exposure to 02--, and closed symbols denote the data obtained after exposure to 02-(the symbols have been displaced slightly for clarity). The best-fit curves obtained can be superimposed, establishing that 02-produces no alteration in calcium sensitivity despite a large fall in CGa,,.
To confirm the lack of effect, Figure 5 shows experimental tracings indicative of the calcium sensitivity before and after a single exposure to the 02 *-generating system (10 milliunits/ml for 2 minutes). The left panel of this figure shows that Cm.,, is approximately 50 mg/wt, whereas in the right panel Cm approximately 20 mg/wt. Rescaling the tracing in the right panel so that the maxima are of similar size shows that there is very little difference in the relative submaximal levels of activation. This demonstrates again that calcium sensitivity does not alter significantly despite a very large fall in peak force; similar results of this "cumulative activation" were found in seven other preparations. In the same way, no effect of 02-on the tension-calcium concentration relation was noted in eight preparations when force-pCa curves were constructed using the calcium jump method of activation, as is the case in Figure 4 .
Crossbridges in Rigor
Exposing the preparation to 02-in the rigor state can establish whether 02-acts on active or nonactive crossbridges. Figure 6 shows that the amplitude of both m. and rigor contractures can be maintained at a steady level for relatively long periods of time. The 02-was then applied for a period of 2 minutes during a rigor contracture, without a change in the amplitude of that rigor contracture. The subsequent amplitude of C,,,, was slightly but not significantly smaller than control, given that prolonged activations have a detrimental effect on Cm,,, and that more than 40 minutes had elapsed since the control activation. When the same concentration of xanthine oxidase was applied for a similar period of time during a maximum calcium-activated contracture, however, the amplitude of that contracture fell steadily within seconds. Similar results were found in seven preparations. In five other preparations, a different protocol was followed to establish whether the fall in tension, if any, noted after exposure to the O2--generating system during a rigor contracture was significantly different from the fall noted when Cm, was repeatedly evoked. 4 Figure 7 .
Calcium sensitivity will be reduced during an ischemic episode, and for a relatively short time after, because of the rise in inorganic phosphate concentration and fall in pH that has been demonstrated to occur in the myocardium.14 It should be remembered that these factors also reduce Ciax." 'l7Stunning persists long after the metabolic consequences of the antecedent ischemia, whereas the alterations of pH and phosphate diminish during the postischemic period.14 Calcium sensitivity and Cin,. will return to normal as far as these factors are concerned. However, the oxygen-derived free radicals produced during and after ischemic episodes have been suggested to depress the calcium sensitivity of the contractile proteins. 12 The results presented here show for the first time that 02-acts directly on the contractile proteins and diminishes their force-producing ability. In the Triton-treated fibers used in these experiments, any complications due to the action of 02-on the cellular membranes or myoplasmic enzymes can be ignored since the preparation comprises only the contractile filaments. The discussion above and Figure 7 emphasize that a reduction in calcium sensitivity will produce a fall in force at a submaximal level of activation. We explored this possibility, and as Figures 4 and 5 When maximum calcium-activated force is depressed, the pCa-tension relation is altered so that the absolute force developed at a given calcium concentration will be diminished. However, force achieved at a submaximally activating calcium concentration is simply scaled down, relative to the new maximum calcium-activated force, so that there is no change in calcium sensitivity (i.e., the same calcium concentration would be required for half-maximal calcium activation). In such a situation the contractile reserve will have decreased. It should be noted that the two effects can result in a similar fall in the absolute level offorce developed. This is demonstrated by the fact that at the calcium concentration indicated in this figure the same fall in relative tension was produced.
occurs. Translated to the intact cell, the fall in C.,,. with no change in calcium sensitivity would account for the observed fall in contractility despite a normal calcium transient. This is the circumstance represented in the bottom panel of Figure 7 .
Our results indicate that the myofilaments are particularly sensitive to O2 *. Force is inhibited faster and at lower enzyme concentrations in the 02 --generating system than has previously been reported for intact experimental preparations.18 Falls in force entirely attributable to 02-can be produced by as little as 2 microunits/ml xanthine oxidase (e.g., see Figure 1 ) within 2 minutes; this represents 0.002% of the levels frequently used in experiments with intact cellular systems. We are forced to conclude that the myofilaments are very susceptible to damage by 02-This conclusion is particularly important since, in rat heart, physiological concentrations of xanthine oxidase exceed those used here.19 It remains controversial whether xanthine oxidase is present in human myocardium. [20] [21] [22] [23] We have demonstrated here that the effects on Cm., can be attributed to 02-rather than the generating system itself. In the intact cell, there are other sources for 02-in addition to xanthine oxidase. Superoxide is produced in the cell as a consequence of normal metabolism. Probably the most important source in vivo is the mitochondrial respiratory chain.24 Since the contractile proteins have been revealed by this study to be particularly sensitive, increases in°2-0 production associated with ischemia and reperfusion might overcome the capacity of endogenous scavengers and threaten the performance of the myofilaments. However, the welldocumented actions of oxygen-derived free radicals on other cellular systems, as well as other processes provoked by ischemia and reperfusion, will have their place in any comprehensive explanation of the phenomenon of myocardial stunning.
The exact mode of action of 02 on the myofilaments remains to be elucidated, but our results afford some insights. In our experimental protocols we applied 02-in either the relaxed or calcium-activated states. The relaxed muscle showed no fall in resting tension (induced by stretching the preparation to set the sarcomere length) when exposed to 02--, giving initial evidence to suggest that the effect was more than generalized damage to the structural integrity of the contractile proteins (either by°2-0 directly or by protease contamination of the xanthine oxidase). By studying the action of 02-* on the preparation in the rigor state, we sought to establish whether 02-affects active or inactive crossbridges. Figure 6 illustrates that even a high level of 02--has no immediate effect on force previously developed by the muscle in rigor, unlike the rapid decline of calcium-activated tension that can be induced. The insensitivity of rigor bridges to alterations in pH has been reported earlier. 25 This result suggests that the 02-' is not acting in the manner of a nonspecific protease to damage the structural integrity of the myofilament lattice; tension would otherwise be lost during the rigor contracture (consolidating our initial evidence for this conclusion in relaxed preparations). We took care, in the protocol used for experiments like those in Figure 6 , to remove the xanthine/xanthine oxidase fully before relaxing the muscle by replacing ATP. Thus, in these experiments,02-0 was not present when crossbridges were actively cycling. The subsequent evidence that no significant damage had occurred implies that 02--acts without provoking crossbridge detachment or weakening the crossbridge structure. The site of action of 02 iS most probably on a part of the crossbridge that remains inaccessible in the attached state. The action of 02-' can be concluded to be on the active or detached crossbridge for the conditions studied here. This action will compromise one of subsequent attachment, crossbridge kinetics, such as the transition from the weakly to the strongly attached state, and/or ATPase activity. It is, however, perhaps difficult to reconcile these observations with those of Krause26 on myofibrillar ATPase of preparations from stunned rabbit myocardium. He reported no detectable reduction in maximum calcium-activated ATPase, its kinetics, or calcium sensitivity. To interpret our results against this background requires that the rate of crossbridge cycling remain essentially unaltered. This would demand a specific alteration to the crossbridge cycle. Attachment time as a fraction of cycle duration would fall substantially, but cycle frequency (and hence the rate of ATP consumption) would remain unaltered. Such a highly specific action seems unlikely. Krause attributed all the postischemic reduction in contractile function to myocardial stunning. The final degree of dysfunction after only some 30 minutes of reperfusion was only approximately 27% (as closer inspection of the original figures reveals). At this time, although any reduction in pH would probably have reversed fully, raised phosphate might still decrease contractile function. Additionally, these preparations were unpaced, and rate-dependent effects on contractility could have contributed to any such decrease. If, for example, only one third of the decrease was due to stunning and that third was entirely attributable to Cm. reduction, then myofibrillar ATPase would reduce by as little as 10%, a level difficult to detect reliably with these methods. In contrast, a reduction of Cma, by 10% is readily detected in the skinned fibers.
It is generally assumed to be the speed of calcium concentration change that determines speed of tension alteration in skinned fibers. However, changes in the rate of force development and decline, observed when the calcium concentration is raised or lowered, are not readily interpreted. If we assume that the diffusion of the calcium EGTA buffer system is unaffected by 02-treatment, then the 32% slowing of activation and 112% slowing of relaxation half-times could indicate altered crossbridge kinetics. This would require that crossbridge attachment and detachment, rather than buffer diffusion, become the rate-limiting steps and would imply a reduced ATPase rate.
In the experimental conditions that we have studied, here, it could be a major contributor to the phenomenon of myocardial stunning.
